Abstract-This paper presents a comparative study among maximum power point tracking methods for photovoltaic systems. The comparison takes into account steady state error, dynamic response and efficiency in a large power range. In special, an extensive bibliography and a classification of many maximum power point tracking methods is presented. Computational simulations with fast changes in the solar irradiance have been done and the best maximum power point tracking technique is chosen. Experimental results corresponding to the operation of a photovoltaic converter controlled by a digital signal processor are also presented.
I. INTRODUCTION
Nowadays, the requirement in generating electric energy has lead to an intensive research of alternative ways of generation. One of the possible ways of electric energy generation is the Photovoltaic (PV) energy. PV energy has great potential to supply energy, since it can be considered a clean and pollution free source while the PV panels are generating energy. The main drawbacks are associated with the impact on the environment because of the high energy used during the panels fabrication process and the lifetime of the panels that is between 20 and 30 years. Other drawbacks are the initial installation cost and the energy conversion efficiency. To overcome some of these problems, it is important to operate the photovoltaic system near the Maximum Power Point (MPP) to increase the efficiency of photovoltaic arrays. If Maximum Power Point Tracking (MPPT) techniques are used in PV systems, it can be generated more power with the same number of modules. These techniques allow the module generate its maximum power, having a high level of utilization of its generation capability. However, to improve the energy captation it is necessary to have a converter between the PV panels and the load or grid. This converter will have a limited and variable efficiency in according to the load conditions and the solar irradiance. Therefore the global efficiency (including PV array and converter efficiencies) is a better parameter for the whole system, but it would be necessary to compare the losses produced by the converter switches. The purpose of this paper is to compare the algorithms of maximum power point tracking and the converter efficiencies are not considered.
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Various methods of MPPT have been considered in PV systems. The methods may be classified as: off-line techniques [1] [2] [3] and on-line techniques [4] - [27] . The off-line techniques require a PV array model and the measurement of temperature and solar irradiance. The on-line techniques do not require the measurement of temperature and solar irradiance. In addition, they do not need the PV array model.
Among the most desirable features in MPPT techniques are the following [6] [7] :
• Stability • Fast dynamic response • Small steady state error • Robustness to disturbances • Efficiency in a large power range. The on-line techniques have been shown as more efficient than the off-line techniques in terms of desirable features in MPPT methods. The on-line techniques may be classified as: Constant Voltage (CV), Perturbation and Observation (PO), and Incremental Conductance (IncCond). Some variations of these methods have been also presented in literature.
In [8] , it was shown that the MPP voltage of a PV array is close to a fixed percentage of the array's open circuit voltage. In the MPPT technique, the converter is disconnected and the open circuit voltage is measured at regular sampling rates [9] [10]. The energy wasted by the sampling of the open circuit voltage is considered negligible in [11] . This method was defined as Constant Voltage (CV) technique in [9] and it has been used in some PV systems [10] [11] .
The PO method is often used in many PV systems [12] - [17] . PO techniques operate by perturbing the reference value with specific sampling rates [13] . These techniques present slow dynamic response and steady state error. A choice of high values of perturbation provides a fast tracking for the MPP voltage, but it has large oscillations. If the perturbation has a low value, the MPPT will be slower, but it will have small oscillations around the MPP. In addition, with fast changes of irradiance and temperature, the PO technique can track a wrong point. In [13] , it was proposed an implementation of a PO method that instantaneous values of current and voltage are used to determine the direction of the next perturbation. This solution reduces the problems related to the PO techniques.
A popular variation of the PO method [14] is based on the relationship of the PV array output power and the switching duty cycle. This method is defined as the Hill Climbing (HC) technique in [15] . When it happens a fast variation in the environment conditions, it can be tracked a wrong voltage point instead of a point that means the MPP, creating an error in the algorithm. In other words, the algorithm will try to lead the array voltage to the MPP voltage of the curve corresponding to the previous solar irradiance. This problem can be also caused by a wrong choice of the sampling rate. A solution can be the best adjustment of the sampling rate [16] and the best adjustment of the perturbation (increment or decrement) in relation to the sampling rate [17] , both in accordance with the dynamics of the converter. A Modified Adaptive Hill Climbing (MAHC) technique has automatic parameter tuning to satisfy the requirements of fast dynamic response and small steady state error [7] .
The In [21] , it was proposed a technique that determines the MPP of a PV array for any temperature and solar irradiance using a tolerable power error. At each sample, the difference between the reference value and operating power of the PV array is calculated and compared with the assumed MPP error. A MPPT control scheme for PV array based on a principle of power equilibrium at dc link is proposed in [22] . The proposed scheme does not need detection or calculation of the power. A two-mode MPPT control method combining the CV and IncCond techniques was proposed to improve efficiency of the PV power generation systems at different irradiance conditions [23] . A method of locating the MPP based on injecting a small sinusoidal perturbation into the switching frequency and comparing the ac component and the average of the array terminal voltage was proposed in [24] . A MPPT method in combination with one-cycle control for PV power generation was proposed in [25] . In [26] , it was used an algorithm with two stages of operation. In the first stage, variable large steps allow fast tracking when the PV voltage is far from the MPP voltage. Around the MPP voltage, any technique using fixed step can be used to track the MPP.
Due to the vast number of MPPT techniques with sometimes contradictory performance claims, their comprehensive study still seems to be appropriate. The algorithms have been verified on a PV system modeled in Matlab. Many simulations results are presented and the characteristics determined in this study are summarized in comparative tables.
II. PHOTOVOLTAIC SYSTEM CONFIGURATIONS
The PV array has the equivalent circuit shown in Fig.  1 . Usually the shunt resistance is very large and the series resistance is very small [23] . Therefore, the resistances may be neglected to simplify the analysis. The characteristic of a PV array is given by the following equation 
where V is the PV array output voltage, I is the PV array output current, I g is the generated current under a given irradiance, I sat is the reverse saturation current, q is the charge of an electron, A is the ideality factor for a pn junction, k is the Boltzmann's constant and T is the temperature (K). The reverse saturation current and the generated current of the PV array vary with temperature in according to the following equations [23] :
where I or is the saturation current at T r , T r is the reference temperature, E GO is the band-gap energy of the semiconductor used in array, K I is the short-circuit current temperature coefficient and S is the irradiance in mW/cm 2 . Two systems were used to test the MPPT techniques. The first study is for a stand alone PV system using a 8.3kW PV array consisting of twelve parallel connections of seven panels connected in series. Each of the solar panels has a maximum power rating of 99W, which occurs at a rated voltage of 17.7V and a rated current of 5.6A. The panels have an open circuit voltage of 22V and a short circuit current of 6.3A. The characteristic of the PV array is shown in Fig. 2 for variations in the solar irradiance (S). The PV array usually generates energy in low voltage and depending of the power to process, this characteristic can represent an inconvenient. In these cases a boost converter can be utilized because of its high efficiency and its small number of components [31] [32]. Figure 3 presents the stand alone PV system using a boost converter. The second study is for a grid connected PV system using a 1.9kW PV array consisting of twenty four panels connected is series. Each of the solar panels has a maximum power rating of 79W, which occurs at a rated voltage of 16.5V and a rated current of 4.8A. The panels have an open circuit voltage of 20.8V and a short circuit current of 5.2A. Both PV systems were tested in simulation by using Matlab and the grid connected PV system shown in Fig. 4 is also used to validate the simulation through the experimental results. The panels were modeled by using equations (1), (2) and (3).
III. CONSTANT VOLTAGE
The MPP voltage (V M P P ) of a PV array is close to a fixed percentage of the PV array's open circuit voltage (V OC ). The relation V M P P /V OC is usually around 76% [8] . Initially, V OC is measured by setting the PV array current to be zero. In this way, the V M P P is adjusted for 76% of V OC . This value of V M P P is kept for a period of time until another sample occurs. The MPPT technique samples V OC at regular samples [10] and the energy wasted by the sampling of V OC is considered negligible in [11] . However, this consideration should be evaluated. Another problem of this technique is that the MPP is not always located at 76% of the V OC , increasing the steady state error [9] . Two different sample rates are used to estimate the efficiency. Using a low constant sample rate, the reference for V M P P is changed more frequently allowing better tracking while the system is connected to the PV array. However, the energy wasted by the sampling of V OC will be more significant since the PV array current will go to zero many times.
IV. PERTURBATION AND OBSERVATION
The PO technique compares the power of the previous step with the power of the new step in such a way that . Grid connected PV system using a three-phase inverter. it can increase or decrease the voltage or current [12] - [17] . This method changes the reference value by a constant factor of current or voltage. It moves the operating point toward the MPP by periodically increasing or decreasing the array voltage or current. The PO method works well when the irradiance does not vary quickly with time. However, with this method the power oscillates around the MPP in steady state operation and it is not good when there are fast variations of temperature and irradiance.
The flowchart of the PO technique operating by varying the PV reference voltage is shown in Fig. 5 [12] [13] . From  Fig. 2 , it can be seen that incrementing (decrementing) the voltage increases (decreases) the power when operating on the left of the MPP and decreases (increases) the power when on the right of the MPP. Therefore, if there is an increase in power, the subsequent perturbation should be kept the same to reach the MPP and if there is a decrease in power, the perturbation should be reversed [13] . A choice of high values of perturbation (∆V ) provides a fast tracking for the MPP voltage. If the perturbation has low value, the MPPT is slower, but it has small oscillations around the MPP.
The problem of oscillation around the MPP can be minimized by comparing the parameters of two preceding cycles. If the MPP is reached, the perturbation stage is bypassed [27] . This technique is named as Modified Perturbation and Observation (MPO) in this paper.
V. HILL CLIMBING
The HC method is based on the relationship of the PV array power and switching duty cycle [14] - [17] . The flowchart is shown in Fig. 6 . Slope is a program variable with either 1 or -1, indicating the direction to increase the output power, while "a"represents the increment step of duty cycle, which is a constant number between 0 and 1, and D and P represent the duty cycle value for the switch in Fig. 3 and power level, respectively. With rapidly changing atmospheric conditions, the same problem of the PO can happen. The MAHC method includes automatic parameter tuning to have good dynamic Calculate Power response and small steady state error [6] . The flowchart is shown in Fig. 7 . In the MAHC, two parameters make the controller flexible for different situations. The automatic parameter tuning uses:
where ∆P is the change of power condition, a(k-1) is the historical value of a(k) and M is the constant parameter.
If |∆P/a(k − 1)| is larger than the threshold e, the controller understands that the power variation was caused by the solar irradiance and the duty cycle is changed in according to ∆P . If |∆P/a(k − 1)| is smaller than e, the controller understands that the variation was caused by a and the HC method is used. (Fig. 2) [18] . This technique decreases the oscillation problem and is easy to implement. Thus, in according with (5) , it can be identified in which point of the curve the PV array voltage must be adjusted to reach the MPP voltage. The equation in the MPP is:
Or, it can be expressed as:
Hence, the array PV voltage can be adjusted rapidly to the MPP voltage by measuring the incremental and instantaneous array conductance (dI/dV and I/V , respectively). In the method, (6) is used as the index of the maximum power point tracking operation (Fig. 2) , where S is the solar irradiance. When dP/dV < 0, decreasing the reference voltage forces dP/dV to approach zero; when dP/dV > 0, increasing the reference voltage forces dP/dV to approach zero; when dP/dV = 0, reference voltage does not need any change. The flowchart is shown in Fig. 8 . The IncCond uses fixed steps (∆V ) to increment the reference voltage.
VII. TOLERABLE POWER ERROR
In [21] , it was proposed a technique that determines the MPP of a PV array using a Tolerable Power Error (TPE). At each sample, the difference between the reference value and operating power of the PV array is calculated and compared with the assumed MPP error. The flowchart is shown in Fig.  9 . If the difference is smaller than the acceptable error, the currently assigned values are maintained unchanged and taken as the PV array operating power. If the difference is greater than the acceptable error, the method searches the MPP. If the operating power (P(k)) is greater than the current MPP power value (P(k-1)), then P(k), V(k) and I(k) are assigned to P(k-1), V(k-1) and I(k-1), respectively, as the new reference power point quantities for the next sampling. If P(k) is smaller than P(k-1), then V(k) and I(k) are compared with V(k-1) and I(k-1), respectively. If V(k) is smaller than V(k-1) or I(k) é greater than I(k-1), the operating power point values P(k), V(k) and I(k) are assigned as new reference MPP values. Otherwise, the algorithm continues with the current MPP values P(k-1), V(k-1) and I(k-1). Fig. 10 . If the PV array temperature is in a fixed range, β at MPP is in a small fixed range. An appropriate range of β can be specified for a given PV system for use with the algorithm. The upper limit (β max ) at MPP occurs in the maximum values of irradiance and temperature. The lower limit (β min ) at MPP occurs in the minimum values of irradiance and temperature. If β is between β min and β max , the operation is around the MPP voltage. In this case, the second stage with any technique using fixed step can be used to track the MPP. While implementing the first stage of the algorithm, β g , the value of β corresponding to the most probably array temperature is used as the guiding value for calculating the duty cycle correction as given as follows:
VIII. TWO STAGES
where, β a is the actual value of β at a given instant, d old and d new are the previous and the new duty cycle for the switch in Fig. 3 , respectively, and k is a constant corresponding to the β plot.
IX. COMPARISON AMONG MPPT TECHNIQUES
To compare the performances among the MPPT techniques, three desirable features are analyzed: dynamic response, steady state error and efficiency in a large power range.
Eight different techniques are compared: CV, PO, MPO, HC, MAHC, IncCond, TPE and TS. Some variations of these techniques are also tested in such a way that we have sufficient results to evaluate the data. In [16] and [17] , it is shown that the efficiency of PO technique can be improved by optimizing its sampling rate and its duty cycle according to the converter's dynamics. Therefore variations in the sampling rates and in the perturbation values are also tested.
The dynamic response is evaluated by using two different irradiance changes. The changes from 500W/m 2 to 1000W/m 2 and from 1000W/m 2 to 500W/m 2 are used to represent the tracking time as shown in Table I . Steady state error is analyzed by measuring the averaged power and comparing with the ideal value for two irradiance conditions. The maximum powers for the stand alone system (Fig. 3 ) with 500W/m 2 and 1000W/m 2 are 3889.5W and 8292.9W, respectively, while the maximum powers for the grid connected system (Fig. 4) with 500W/m 2 and 1000W/m 2 are 1891.3W and 880.4W, respectively.
Rates from 0.1ms to 10s are used to represent the effects of changing the sampling rates. In the CV method, the highest rates are used because sampling of V OC . From Table I (stand alone system), it can be seen that the CV technique adjusts rapidly the array voltage to the reference voltage. However, the reference voltage is not exactly the voltage related to the MPP because the reference voltage is always 76% or 80% of the V OC . The value of 80% for V M P P /V OC was chosen because the specific PV array used in the simulations presents better results with this value instead of the 76% discussed before. The PO method with perturbations of 0.001V has better steady state performance than PO with perturbations of 0.01V. The tracking time is small for both perturbations with the irradiance change from 500W/m 2 to 1000W/m 2 . However, with irradiance change from 1000W/m 2 to 500W/m 2 , the PO technique gives a wrong reference voltage and the controller can not track the MPP. The MPO technique presents a slightly improvement in the steady state performance because if the MPP is reached, the perturbation is not used. The HC method uses the duty cycle value for the switch in Fig. 3 to control the MPP. The system has one control loop with some oscillations around the MPP. However, using small steps (0.001 and 0. Due to HC, MAHC and TS methods are based on the relationship of the PV array power and switching duty cycle of the boost converter, these methods are not used for comparisons in the grid connected system since the topology has only one three-phase inverter. Therefore, CV, PO, MPO, IncCond and TPE are chosen to continue the investigation. From Table I (grid connected system), it can be seen that PO and MPO methods can not track the reference when the irradiance changes from 1000W/m 2 to 500W/m 2 and this explains the low values of power for S = 500W/m 2 . To test the efficiency of the techniques in the grid connected system, six different simulation curves for irradiance (power) are used. The first curve (Fig. 11) shows the power changing only twice, but the changes are fast. The second curve (Fig.  12 ) shows the power with many changes. In figures 11 and 12, the irradiance is always within 800 and 1000W/m 2 . The third curve (Fig. 13) shows the power changing slowly and the fourth curve (Fig. 14) shows the power with some fast changes. In figures 13 and 14, the irradiance is within 500 and 1000W/m 2 . To continue the investigation, the best techniques are tested under low irradiance conditions. To test the efficiency of the techniques under low irradiance, the curves in Fig. 15 and Fig.  16 are used. In figures 11-16 the measured irradiance values were used to find the theoretical MPP values (PV Maximum Power), which were compared with the measured MPP values (PV power) for the IncCond method. The different situations (Table II) are useful to estimate which technique has the best efficiency independent of the way that the irradiance changes. The efficiency (η) is defined as:
where P is the PV array output power and P max is the PV array maximum power.
In Table II , all methods use the same condition shown in Table I . CV, IncCond and TPE techniques present good results, but the IncCond method presents high efficiencies for all curves even with small changes in the sampling time and increment, being considered as the most robust technique. Therefore this technique is chosen as the best MPPT technique for the situations shown in figures 11 to 16. However, with different conditions, other MPPT techniques can present the best efficiency. This happens because the MPPT techniques have different performances when changing the irradiance and temperature of the PV array. In addition, the sampling rate, the increment of the reference and the converter used to connect the PV array to the load have strong influence on the performance of the technique.
X. EXPERIMENTAL RESULTS
The experimental results were obtained by using power measurements in the real ambient conditions and therefore it is not possible to have the same curves (figures 11 to 16) used in the simulations results. The grid connected PV system shown in Fig. 4 is used to validate the simulation results with the following procedure: from 0 to 7.5s, the reference voltage is changed to build the PV array power curve. From 7.5s to 50s, a MPPT method is used to track the maximum power point. Simulation and experimental results for PO and IncCond methods are shown in figures 17 and 18, respectively. Similar results were obtained for CV, MPO and TPE methods. In these figures, the average power in simulation is around 1489W and it was verified by using a irradiance measurement that the irradiance was constant during the data acquisition process. It can be seen a very good agreement between simulation and experiment, showing that the PV array model used for comparisons among the MPPT techniques is valid.
XI. CONCLUSION
Researchers continue to make an effort to control the photovoltaic array near to the maximum power point. This paper has classified the maximum power point tracking techniques in terms of the way that the reference variable is changed. Principles of operation and main features have been discussed for a better understanding of each possibility. Tables summarize the simulation results and the IncCond technique has presented the best results for the different situations tested in this paper. A comparative study on losses in the converter is under study to complete this scenario that is expected to aid the engineers in the preliminary stages of maximum power point tracking techniques selection and analysis. 
